Purpose: This work investigated if treatment with caffeine or 2,4-dinitrophenol (DNP) induce expression of peroxisome proliferatoractivated receptor coactivator 1 alpha (PGC-1α) and increase both mitochondrial biosynthesis and metabolism in skeletal muscle. Methods: Human rhabdomyosarcoma cells were treated with either ethanol control (0.1% final concentration) caffeine, or DNP at 250 or 500 µM for 16 or 24 hours. PGC-1α RNA levels were determined using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). PGC-1α protein and mitochondrial content was determined using flow cytometry and immunohistochemistry. Metabolism was determined by quantification of extracellular acidification rate and oxygen consumption rate. Results: Treatment with either caffeine or DNP induced PGC-1α RNA and protein as well as mitochondrial content compared with control. Treatment with caffeine and DNP also significantly increased oxidative metabolism and total metabolic rate compared with control. Caffeine similarly increased metabolism and mitochondrial content compared with DNP. Conclusion: This work identified that both caffeine and DNP significantly induce PGC-1α, and increase both metabolism and mitochondrial content in skeletal muscle.
Background
Obesity is a preventable risk factor that contributes significantly to premature death and increasing health care costs. 1, 2 Chemical agents have been of interest for their possible role in enhancing metabolic rate to ameliorate obesity. Agents such as 2,4-dinitrophenol (DNP) uncouple oxidative phosphorylation and reduce ATP production, [3] [4] [5] which increases metabolic rate. 6 DNP was classified as a cosmetic agent used for weight loss during the 1930s and was later removed from sale due to lethality. 6 Recently, a new interest in the potential benefits of chemical uncouplers and other metabolic stimulators has arisen because of effects they may have on metabolism, including mitochondrial biosynthesis and increased fatty acid oxidation. [7] [8] [9] [10] [11] [12] Caffeine is one of the most commonly consumed ergogenic aids that have been shown to increase metabolic rate. 13 Caffeine increases metabolism through binding of phosphodiesterase resulting in increased cyclic adenosine monophosphate (cAMP). 13 Increasing cAMP activates 5′ AMP-activated protein kinase (AMPK), protein kinase A, and cAMP response element-binding causing the transcription of genes associated with increased fat oxidation. [14] [15] [16] Like caffeine, DNP induces AMPK by uncoupling electron transport resulting in an increased AMP:ATP ratio. 17 Although not completely characterized, AMPK works with calmodulin, Ca2+/calmodulin-dependent protein kinases II (CaMK), and calcium homeostasis to control cellular energetics and metabolism, including mitochondrial biosynthesis. 18 Peroxisome proliferator-activated receptor coactivator 1 alpha (PGC-1α) is an essential precursor to mitochondrial biosynthesis found in most cells including muscle. [19] [20] [21] [22] PGC-1α functions as a transcriptional coactivator responsible for regulating genes involved in energy homeostasis and metabolism. [19] [20] [21] PGC-1α interacts with several complexes including cAMP receptor element binding protein (CREB) and peroxisome proliferator-activated receptor alpha (PPARα) which increases fatty acid oxidation. 7, 9, 10, 23 Treatment with uncoupling agents including DNP induces PGC-1α in fibroblasts. 12 Similarly, caffeine consumption has been shown to induce PGC-1α in a similar fashion to DNP and has been documented in both rodent and human skeletal muscle. [24] [25] [26] [27] Further research should be performed to identify effects of caffeine on metabolism and mitochondrial biosynthesis as it relates to potent metabolic stimulators like DNP and the possible benefits for diminishing obesity and metabolic malfunction.
This work explored the effects on mitochondrial biosynthesis of caffeine and DNP in human rhabdomyosarcoma cells, a model organism for metabolic observation. 16 We show that treatment of muscle cells with caffeine or DNP will induce the PGC-1α mRNA and protein in a dose-and time-sensitive manner. We also demonstrate that caffeine or DNP increases mitochondrial content as well as enhances oxidative and total metabolism. These are the first observations that directly compare caffeine with DNP and demonstrate the effects of both treatments on glycolytic and oxidative metabolism in skeletal muscle cells.
Methods

cell culture
Homo sapien rhabdomyosarcoma cells were purchased from ATCC (Manassas, VA) and were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 4500 mg/L glucose and supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin in a humidified 5% CO 2 atmosphere at 37°C. Trypsin-EDTA at 0.25% was used to detach the cells for splitting and re-culturing. Stock DNP and caffeine from Sigma (St. Louis, MO) were dissolved in ethanol to create treatment solutions of 250 µM and 500 µM determined through pilot experiments with DNP to significantly increase PGC-1α RNA.
RNA extraction and quantification
PGC-1α mRNA expression was quantified by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Cells were plated into 12-well plates at a density of 5 × 10 5 cells/well; treated with either ethanol control (0.1% final concentration) DNP at 250 µM or 500 µM, or caffeine at 250 µM or 500 µM; and incubated as described above for 16 or 24 hours. Following incubation, total cell RNA was extracted using RNeasy Kit from Qiagen (Valencia, CA) per manufacturer's protocol. Total RNA was quantified by Nanodrop spectrophotometry. cDNA was synthesized from 5000 ng total RNA using the Retroscript RT kit from Ambion (Austin, TX) according to manufacturer's instructions. PCR primers were designed using Primer Express software from Invitrogen (Carlsbad, CA) and synthesized by Integrated DNA Technologies (IDT, Coralville, IA). For PGC-1α, the forward primer was 5′-ACCAAACCCACAGAGAACAG-3′ and the reverse primer was 5′-GGGTCAGAGGAAGA GATAAAGTTG-3′. Amplification of PGC-1α was normalized to the housekeeping gene, TATA Binding Protein (TBP). For TBP, the forward primer was 5′-CACGAACCACGGCACTGATT-3′ and the reverse primer was 5′-TTTTCTTGCTGCCAGTCTGGAC-3′. qRT-PCR reactions were performed in triplicate using the LightCycler 480 real-time PCR system from Roche Applied Science (Indianapolis, IN). SYBR Green based PCR was performed in triplicate using 5000 ng of cDNA per sample; final primer concentrations were 10 µM in a total volume of 30 µL. The following cycling parameters were used: 95°C for 10 minutes followed by 45 cycles of 95°C for 15 seconds, and 60°C for 1 minute. Relative expression levels were determined by the ∆∆Cp method.
Flow cytometry
Cells were seeded in 6-well plates at a density of 1.2 × 10 6 cells/well, treated in triplicate, and incubated as described above. Flow cytometry was performed to determine PGC-1α protein levels. Cells were permeabilized with 0.5% Tween 20 from Sigma (St. Louis, MO) in PBS for 10 minutes and then blocked for 1 hour with 3.0% BSA from Sigma (St. Louis, MO) in PBS with 0.5% Tween 20. Cells were stained with an anti-PGC-1α primary polyclonal antibody from Santa Cruz Biotechnologies (Santa Cruz, CA) at 1:200 dilution in PBS with 0.5% Tween 20% and 3.0% BSA overnight. The cells were rinsed with PBS with 0.5% Tween 20% and 3.0% BSA, and secondary anti-rabbit AlexFluor 488 antibody from Invitrogen (Carlsbad, CA) was applied in 1:200 dilution in PBS with 0.5% Tween 20% and 3.0% BSA. The cells were rinsed and suspended in PBS. Group mean fluorescence was measured using Facscalibur filtering 488 nm.
To determine mitochondrial content, the cells were suspended in pre-warmed media with 200 nM Mitotracker Green from Life Technologies (Carlsbad, CA) per manufacture's protocol and incubated for 45 minutes. The media containing Mitotracker was removed and the cells were re-suspended in pre-warmed media. Group mean fluorescence was measured as described above.
Microscopy and immunohistochemistry
Chamber slides from BD Bioscience (Sparks, MD) were seeded with 5000 cells/well. To verify PGC-1α protein expression, cells were cultured and treated for 24 hours as described above. Cells were fixed using 3.7% formaldehyde in media, permeabilized with PBS with 0.1% Triton 100X from Sigma (St. Louis, MO) for 10 minutes, and blocked for 1 hour with PBS with 0.1% Triton 100X and 3.0% BSA from Sigma (St. Louis, MO). Cells were stained with an anti-PGC-1α primary polyclonal antibody from Santa Cruz Biotechnologies (Santa Cruz, CA) at 1:200 dilution in PBS with 0.1% BSA overnight. The cells were rinsed with PBS with 0.1% Triton 100X and 3.0% BSA, and secondary anti-rabbit AlexFluor 633 antibody from Invitrogen (Carlsbad, CA) was applied in 1:200 dilution. Slides were mounted with Prolong Gold with DAPI from Invitrogen (Carlsbad, CA) and cured overnight. Cells were imaged using the Axiovert 25 microscope with AxioCam MRc from Zeiss (Thornwood, NY). To verify increased mitochondrial content, the cells were then stained with Mitotracker 200 nM from Invitrogen (Carlsbad, CA) for 45 minutes and fixed in 3.7% formaldehyde in pre-warmed media. Cells were mounted, cured, and imaged as described above.
Metabolic assay
Cells were seeded overnight in a 24-well culture plate from SeaHorse Bioscience (Billerica, MA) at density 5 × 10 5 cells/well. Cells were treated and incubated for 24 hours as described above. Following treatment, culture media was removed and replaced with XF Assay Media from SeaHorse Bioscience (Billerica, MA) containing 4500 mg/L glucose free of CO 2 and incubated at 37°C. Per manufactures' protocol, SeaHorse injection ports were loaded with oligomycin, an inhibitor of oxidative metabolism that maximizes glycolytic metabolism (final concentration 1.0 µM), carbonyl cyanide p-(trifluoromethoxy)-phenylhydrazone (FCCP), an uncoupler of electron transport that maximizes oxidative metabolism (final concentration 1.25 µM), and rotenone in 1.0 µM final concentration. Extracellular acidification, an indicator of glycolytic capacity, and oxygen consumption, an indicator of oxidative metabolism, were measured using the SeaHorse XF24 Extracellular Analyzer from SeaHorse Bioscience (Billerica, MA). SeaHorse XF24 Extracellular Analyzer was run using 8-minute cyclic protocol commands (mix for 3 minutes, let stand 2 minutes, and measure for 3 minutes) in triplicate.
WST-1 assay
Cells were seeded in 96-well plates at a density of 5000 cells/well and grown overnight. Cells were treated and incubated as previously described for 16 or 24 hours. Media and treatment were removed at each time point and media containing 10% WST1 assay Roche Applied Science (Indianapolis, IN) were added to each well and incubated as previously described. Following WST1 addition, fluorescence was measured for 1 hour using Wallac Victor3V 1420 Multilabel Counter from PerkinElmer (Waltham, MA).
cell counting and viability
Cells were treated and incubated as described above for 16 or 24 hours. Trypan blue from Sigma (St Louis, MO) was used to assess cell number and viability measured using a CountessTM cell quantification system from Invitrogen (Carlsbad, CA).
Statistics
RNA gene expression data were analyzed using Student t test of mean difference between groups generated by ∆∆Cp. WST-1 cell metabolism, oxygen consumption, extracellular acidification, and flow cytometry were analyzed using ANOVA and pairwise comparisons comparing treatments with control. WST-1 cell metabolism assay data was transformed to show relative metabolism with control = 1. Chi-square test was used to analyze total metabolic capacity indicated by OCR/ECAR. Cell viability was analyzed using Student t test. Values of P , 0.05 indicated statistical significance in all tests used, and Bonferroni adjustment for error from multiple pairwise comparisons was used.
Results
Pgc-1α induction and expression
PGC-1α RNA was significantly induced in cells treated with either DNP or caffeine compared with the control group. Treatment with DNP at 250 and 500 µM for 16 hours significantly induced PGC-1α expression almost 10 fold (Fig. 1A) . Treatment with caffeine at 500 µM for 16 hours also significantly induced PGC-1α expression. Following 24-hour treatment both DNP and caffeine at 250 and 500 µM significantly induced PGC-1α expression (Fig. 1B) .
To determine PGC-1α protein, we measured fluorescence of cells stained with a PGC-1α specific antibody via flow cytometry. Similar to RNA, PGC-1α protein was also significantly elevated in cells treated with either DNP or caffeine for 16 or 24 hours. Following treatment for 16 hours, both caffeine and DNP at 500 µM significantly increased PGC-1α protein staining compared with control ( Fig. 2A) . After 24 hours of treatment, both DNP and caffeine at 250 or 500 µM significantly increased PGC-1α protein staining compared with control (Fig. 2B) . Increased PGC-1α protein levels were verified using microscopy which confirmed that treatment with DNP or caffeine for 24 hours significantly induced PGC-1α protein expression (Fig. 2C) . induced mitochondrial staining in a time-and dose-dependent manner (Fig. 3A) . Treatment with caffeine or DNP at 250 and 500 µM for 24 hours also significantly induced mitochondrial content compared with control ( Fig. 2A) . Increased mitochondrial content in cells treated with either caffeine or DNP at 250 and 500 µM for 24 hours was verified using microscopy with Mitotracker staining (Fig. 3C) . Treated cells consistently exhibited greater mitochondrial staining intensity and networking (Fig. 3C ).
Mitochondrial content
Mitochondrial content was quantified by Mitotracker Green staining and measured by flow cytometry. Cells treated with DNP and caffeine had significantly more mitochondrial content compared with the control group. Treatment with DNP at 250 and 500 µM or caffeine at 500 µM for 16 hours significantly
Metabolic characteristics
Extracellular acidification rate (ECAR), a measure of glycolytic rate, was significantly elevated in cells treated with either DNP or caffeine for 24 hours compared with control (Fig. 4A) . Basal glycolysis of cells treated with DNP at 250 or 500 µM was significantly increased by 53% and 100% respectively (Fig. 4B) . Total glycolytic capacity was also significantly elevated in cells treated with DNP at 250 or 500 µM, which showed an increase of 33% and 120% respectively compared with control (Fig. 4D) . Basal glycolysis of cells treated with caffeine at 250 or 500 µM was also significantly increased by 107% and 54% respectively (Fig. 4B) as was total glycolytic capacity, which was significantly elevated 115% and 64% respectively (Fig. 4D) . (Note that FCCP was also added as an essential component of the oxidative stress kit and has no pronounced effect on glycolytic capacity.)
Oxygen consumption rate (OCR), a measure of oxidative metabolism, was also significantly elevated in cells treated with either DNP or caffeine at 250 or 500 µM for 24 hours compared with control (Fig. 5A) . Basal oxidative metabolism of cells treated with DNP at 250 or 500 µM was significantly increased by roughly 540% and 861% respectively compared with control (Fig. 5B) . Total oxidative capacity was also significantly elevated roughly 550% and 700% above the control in cells treated with DNP at 250 or 500 µM respectively (Fig. 5D) . Caffeine-treated cells exhibited similar increases in basal oxidation with 250 µM caffeine significantly increasing OCR roughly 900% compared with control and caffeine at 500 µM increasing OCR over 500% (Fig. 5B) . Total oxidative capacity was also significantly elevated in cells treated with caffeine at 250 or 500 µM increasing OCR capacity 611% and 525% respectively (Fig. 5D ).
Relative metabolic reliance was significantly altered in cells treated with either DNP or caffeine compared with control (Fig. 6A) . Basal reliance on oxidative metabolism, quantified as a ratio of OCR:ECAR, was significantly greater in cells treated with either DNP or caffeine at either dose compared with the control group (Fig. 6B) . Following metabolic stress (addition of oligomycin and FCCP), reliance on oxidative metabolism was also significantly greater in treated groups when compared with control group (Fig. 6D) .
Cells treated with either DNP or caffeine showed increased ECAR and OCR compared with control, evidence of an increase in total metabolic rate. Treatment of cells with DNP at 250 or 500 µM significantly increased total metabolism in a stepwise, dose-dependent fashion (Fig. 7A ). Cells treated with caffeine at 250 or 500 µM significantly increased total metabolism; however, caffeine at 250 µM increased metabolic rate to a greater extent than caffeine at 500 µM (Fig. 7B) .
In order to further verify our observations of metabolic change, we measured total metabolism by measuring log fluorescence of a WST-1 end point assay following treatment as described above for 16 or 24 hours. Treatment for 16 hours with DNP and caffeine at 500 µM significantly increased metabolic rate compared with control (Fig. 8A) . After 24 hours of treatment, both caffeine or DNP at 250 µM and 500 µM significantly increased metabolic rate compared with control (Fig. 8B) . Cell viability was unchanged from control levels following treatment with caffeine or DNP at 250 µM and 500 µM for 16 or 24 hours (Fig. 8C and D, respectively) .
Discussion
This work identified several interesting effects that metabolic stimulators DNP and caffeine have on metabolism in human skeletal muscle. First, both DNP and caffeine significantly induced PGC-1α RNA and protein in a time-and dose-dependent manner. Secondly, both DNP and caffeine increased mitochondrial biosynthesis and/or mitochondrial content. Interestingly, there was no difference in 
Treatment for 24 hours
Caffeine 250 µM Caffeine 500 µM mitochondrial content of cells treated with either 500 µM DNP or caffeine at 500 µM for 24 hours, despite variations in PGC-1α induction and expression. This evidence supports the hypothesis that caffeine similarly induces mitochondrial biosynthesis compared with DNP. Treatment with DNP or caffeine significantly raised metabolic rate without altering cell viability at 24 hours. Moreover, caffeine equally increased oxidative metabolism compared with DNP, which is surprising because DNP increases oxygen consumption by creating a futile cycle of electron transport through uncoupling oxidative phosphorylation (Fig. 7) . Caffeine does not function as a uncoupling agent; therefore, we attribute, in part, the increased respiratory effect of caffeine treatment to increased mitochondrial content. Lastly, our working hypothesis for these experiments was that DNP increases PGC-1α through documented inductions of AMPK. 17, 18 Similarly, we theorized that caffeine activated AMPK but also increased CREB activity as a result of increased cAMP to induced PGC-1α and mitochondrial biosynthesis (Fig. 9) .
Caffeine is widely consumed by a variety of people ranging from weight loss seekers to the sedentary and elderly and is, therefore, of great physiological importance. These observations demonstrate that readily available food substrates and phytochemicals may be as effective at stimulating metabolism as potent and historically toxic DNP. We demonstrate that caffeine heightens metabolic rate like DNP and promotes cellular adaptations that encourage oxidative metabolism. This suggests that exposure to caffeine induces a greater propensity for fat oxidation in skeletal muscle. These hypotheses warrant further investigation to determine if caffeine-containing products available over the counter (such as dietary supplements) possess the same enhanced metabolic effect as research-grade caffeine.
conclusion
Obesity is a major health and economic concern for many developed countries with no foreseeable resolution in sight. Several products are purported to increase metabolism and fat loss, many of which contain caffeine. From our data we gather that caffeine stimulates metabolism and favorable mitochondrial production similar to DNP without the documented toxicity. Our findings support the advertised metabolic benefits of caffeine, making it a potential contributor in humanity's struggle against obesity. Our observations warrant further investigation to determine if caffeine-containing products available over the counter (such as dietary supplements) or foods and beverages possess the same effects as research-grade caffeine. . Working hypothesis of caffeine and DNP mechanism of Pgc-1α induction leading to increased mitochondrial biosynthesis.
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